ABSTRACT The himA gene of Escherichia coi controls the lysogenization of bacteriophage A at the level of catalysis of sitespecific recombination and expression of the A int and cI genes required for lysogenic development. We have analyzed the reg-
a lacZ gene inserted into the himA gene and (ii) detection of radioactive HimA protein after fractionation by two-dimensional gel electrophoresis. We find that himA-mutations produce enhanced expression ofthe himA gene, indicating that HimA protein controls its own synthesis. The himA gene is also induced by treatment of cells with UV or mitomycin C, suggesting control by the inducible DNA repair (SOS) system regulated by the LexA and RecA proteins. Regulation ofhimA follows the pattern expected for a typical SOS gene: constitutive high expression in mutants that have inactive LexA or the altered RecA conferred by the recA441 (tifi) mutation and low noninducible expression in a mutant that has a deleted recA gene. We conclude that the himA gene is a component of the inducible SOS response, repressed by LexA and induced by the capacity of activated RecA to cleave LexA. We suggest that HimA may be subject to SOS induction because it functions as an "acquisitionase" for new genetic material and thus is of special utility under conditions of impaired capacity for growth of the bacterial population.
The chromosome of Escherichia coli specifies gene products active in at least two types of genetic recombination, general (homology dependent) and site specific. The product ofthe recA gene is a major component of general recombination pathways (1) ; the himA gene specifies a crucial component ofsite-specific recombination (2) . The best studied recombination reaction in which the HimA protein participates is the integration of the DNA of bacteriophage A into the E. coli chromosome (3) .
In addition to its catalytic function in general recombination, the RecA protein has a regulatory role in the coupled induced response to DNA damage involving mutagenesis, inhibition of cell division, increased DNA repair capacity, and prophage induction: the "SOS response" (4, 5) . One element of the SOS response is induction ofthe recA gene itself (6) (7) (8) (9) (10) (11) . This feature probably serves to provide enhanced capacity for recombinational repair (12) . A number of other genes are also induced, although the roles of most have not yet been identified (13) . Induction of recA (and other SOS genes) occurs by a chain of events in which the first, a signal of DNA damage that activates RecA as a protease, is followed by inactivation of the LexA repressor through RecA-mediated cleavage (5, 11, (13) (14) (15) . Cleavage of LexA has been demonstrated directly (16) . The cI repressor protein for A is also cleaved by RecA, allowing the phage to escape the damaged cell (15, 17) .
HimA protein also has both a catalytic and a regulatory role: It is a subunit of the integration host factor (IHF) required for integrative recombination by A DNA (18) , and it is also needed for efficient expression of the int and cI genes specific for the lysogenic response by A (19, 20) . Because of the multiple roles ofHimA in prophage insertion, we expected that the himA gene might be subject to a variety of cellular control signals. In this paper, we show that himA is negatively regulated by its own gene product and is induced as an element ofthe SOS response. We also consider the possible significance of the SOS regulation.
MATERIALS AND METHODS
Bacteria and Bacteriophage. The basic E. coli strains used were K37SmRSu-and its himA42 derivative K936 (2); K5407, a muc' lysogen of K37 also lacZ deleted; K5070, carrying a pro lac deletion (2); and K660, which has the F'148 plasmid that carries the himA gene and TnlO. Mutations were introduced into the appropriate strains by transduction with phage P1 to tetracycline resistance (TetR) from donors containing the TetR transposon TnlO linked to the mutation. The recA441 (tif1) (21) , recAA306 (22) , and lexA3 (23) mutations were from strains JC10257, JC10289, and JC13519, respectively, of A. J. Clark. The spr-51 mutation was from DM1187 of D. Mount (24) . Tets retracycline-sensitive) derivatives were selected by the method of Bochner et aL (25) . The insertion of the mu-defective lacZ phage (mud) (26) Proc. NatL Acad. Sci. USA 78 (1981) 6755 3.7 x 1010 becquerels) was added to a 2-ml culture. After 2 min, the cultures were chilled, lysed, and subjected to twodimensional gel electrophoresis and autoradiography by the technique of O'Farrell et aL (28) as described (18) .
Selection for himA-lacZ Fusions. We have used the technique of gene fusion to study the transcriptional regulation of the himA gene. Bacterial strains in which the promoter for the himA gene (himAOP) is fused to the lacZ structural gene were constructed by using the defective mu phage described by Casadaban and Cohen (26) that carries ampicillin-resistance and lacZ genes [mud, (Ap, lac)] (Fig. 1) . The mud phage is particularly suited for this construction for two reasons: (i) it can insert at random into the E. coli chromosome to provide for transcription of the lacZ gene from the promoter of the target operon and (ii) it carries a mutation that confers thermoinducibility and thus high-termperature lethality for the lysogenic bacterium. Because bacterial strains carrying himA mutations are able to survive thermal induction ofmu (2) (2, 18) . Because the other four genes present on AhimA are essential for growth of E. coli, the lesion resulting from mud insertion must be confined to the himA gene and thus appears to be a simple insertion of the type shown in Fig. 1 .
The chromosomal region containing the mud insertion was mucts APR tacK /acZ transferred, by homogenotization, to an F'148 plasmid, and the resulting episome (F'148himA::mud) was transferred by conjugation into a set of isogeneic strains carrying a lacZ deletion, a muc+ prophage, and additional mutations of possible regulatory significance. RESULTS Autoregulation of the himA Gene. The gene fusion system used to study regulation of himA gene expression is shown in Fig. 2 ; we measured (3-galactosidase from the lacZ gene inserted into the himA gene of an F' plasmid. In the standard strain, a wild-type chromosomal himA gene is present, producing a Him' phenotype. Generation of a Him-phenotype by introduction of a missense, nonsense, or deletion mutation of the himA gene into the chromosome results in markedly elevated levels of /3-galactosidase (Table 1) . From these results, we suggest that HimA is an autoregulatory protein, negatively regulating the himA gene. The basal level ofexpression ofhimA in the Him+ strain is substantial (Table 1) , indicating a sensitive balance to the regulatory system (and also that the himA gene may be somewhat more repressed in a normal cell in which only one copy of the operator region is present).
The HimA protein is one (IHFa) of two subunits of the IHF (18) . The other subunit (IHFJ8) is probably specified by an unlinked gene, himD (see below); mutations in himD produce a similar phenotype to himA-lesions (unpublished work). The himD mutations may alter the gene previously defined by the hiplS7 mutation (3). Because ofthe close functional relationship between the himA and himD gene products, we studied the effect of a mutation in himD on expression of the himA gene;
3-galactosidase is produced at the same high level found for himA-( lish this point qualitatively because we have identified the migration positions, after fractionation on two-dimensional acrylamide gels, ofthe himA+ and himA42 gene products (a and a42) and ofthe (-subunit ofIHF (18) . Based on this previous.detailed analysis, we can use two-dimensional gel fractionation to estimate the levels of these proteins. in cell extracts (Fig. 3) . As previously shown, the IHFa and IHFB synthesized in wildtype E. coli is insufficient for detection by this method (18) (Fig.  3A) ; however, the normal migration positions of these proteins are indicated with respect to the position of ribosomal protein S10. The location of S10 can be seen in each gel from its characteristic migration with respect to marker proteins infC, ribosomal protein L5, and an additional ribosomal protein. The sites indicated for IHFa and IHFB have been confirmed by the use of purified IHFa and IHF,3 (18) . In contrast to the wild type, fractionation of an extract from a himA-strain shows demonstrable production of IHFa42 and IHFB (and at least one unidentified third protein; Fig. 3B ). Thus, we conclude that himA-mutation leads to derepressed synthesis ofHimA (IHFa) and IHFB. The himDT extract exhibits wild-type IHFa and another protein, labeled (363, apparently identical in size to IHF(3 but shifted in charge (Fig. 3C) . The relationship between IHFB and (63 is shown more clearly in the fractionated mixture of himA-and himD-extracts (Fig. 3D) ; there is a similar molecular weight and charge heterogeneity characteristic of IHFB in this gel system (18) . Thus, the gel analysis suggests that (363 is most likely the missense protein form ofIHF(3 resulting from the himD63 mutation and that himD is probably the structural gene for IHFB. Fig. 3D also shows the relationship ofa and a42 to ribosomal protein S10. Fig. 2 to measure (-galactosidase production in response to agents or mutations known to affect SOS regulation. The regulatory response and essential control experiments are shown in Fig. 4 . After treatment with UV, the classical agent for SOS induction, (3galactosidase increases to a level comparable with that in a himA-strain. As for other SOS responses, this induction is blocked by introduction of a recAmutation; a recA-mutation does not prevent (3galactosidase induction from the lac operon (in the presence of 1 mM cAMP) after UV irradiation (ref. 13 ; unpublished work). The induction is specific for the lacZ insertion in himA and not for the plasmid in general because no increase of 3-galactosidase occurs in recA' bacteria carrying a lacZ fusion to a different promoter on the F plasmid.
Other methods of SOS induction show similar responses ( Table 2 ). The lacZ fusion is also induced in response to treatment with mitomycin C. As for UV treatment, this increase is inhibited by mutations known to prevent SOS induction: e.g., a recA deletion or a lexA3 mutation (5, 23) . The SOS pathway will undergo thermal induction in bacteria with the recA441 mutation (tiel) (5, 21) . The introduction ofrecA441 into the standard lacZ fusion allows thermal induction of (3-galactosidase.
From the results of Fig. 4 and Table 2 , we conclude that the himA gene is a component ofthe induced SOS response to DNA damage.
The induction of SOS-regulated genes is known to occur by at least two different mechanisms. Most appear to be repressed by LexA and derepressed when LexA is cleaved by RecA protease (16) . Alternatively, a repressor other than LexA might be cleaved by RecA protease, as for the A cI repressor (17) . To distinguish between these two modes of induction, we measured 3galactosidase from the lacZ fusion in strains carrying a mutation that inactivates LexA, with or without an additional deletion mutation of the recA gene ( The himA gene appears to be repressed, directly or indirectly, by both its own gene product and the LexA repressor. These two repressors might act independently or coordinately.
If they act independently, we might observe SOS induction under conditions in which the himA gene product is absent.
However, UV irradiation of a strain carrying a himA deletion does not further increase the level of f3-galactosidase above that found prior to induction ( dom lacZ fusions were tested; none were UV inducible, although the basal levels of ,-galactosidase differed (data not shown). We note that prophage mu is not inducible by the SOS pathway nor is f3galactosid-ase synthesis from the lac operon blocked by UV irradiation of a recAstrain (see ref. 13 for further discussion). Cells were grown at 37TC to a concentration of 108/ml and then exposed to UV light (60 J/m2) at the indicated time. The cultures were incubated with aeration at 3700 and periodically diluted with fresh medium to maintain the original concentration. At the times shown, samples were assayed for (3- Procedures for cell growth and assay are described in the legend to Fig. 4 We have also found that a mutation in the himD gene results in derepression of the himA gene. Our data implicate himD as the structural gene for the (3 subunit ofIHF, although this point has not been rigorously established. Thus, there may be a symmetrical regulatory interaction in which HimA and HimD each participate in control ofboth the himA and himD genes, serving to maintain an appropriate stoichiometry between the two subunits of IHF. SOS Regulation. Our results indicate that the himA gene is a component of the induced SOS response to DNA damage, normally repressed by LexA and induced by cleavage of LexA by activated RecA. The most direct interpretation of the data on auto-and SOS regulation is for HimA and LexA to be joint repressors. However, the apparent regulatory interaction between the himA and himD genes allows LexA, HimA, and HimD to regulate himA in a number of different ways, and further work will be required to clarify the control hierarchy.
Why is the himA gene regulated in coordination with genes known or suspected to be active in recovery from DNA damage? Although himA-mutants are not UV sensitive (ref. 2; unpublished work), the HimA protein might be involved in some subtle way in repair of damaged DNA. However, we think that a more likely possibility is the capacity of HimA to facilitate the acquisition of completely new genetic material through sitespecific recombination. Thus, induction of the himA gene increases the likelihood that potentially helpful genes can be acquired by a cell population in distress. Other SOS genes without an identified function might have a similar role (e.g., in transposon mobility). The mutagenic DNA repair associated with the SOS response might have also evolved in response to a need for more varied genetic potential. Ifpresent in organisms other than bacteria, an induced capacity for genetic variation might serve in a general way to enhance the rate of evolutionary change under conditions of environmental stress.
In addition to its possible role for the cell, the SOS induction a high level of the host component required for excision of A DNA during prophage induction.
